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A new chloro-bridged heterobimetallic Cu(II)Re(IV) chain of formula {Cu(pyim)(Him)2ReCl6}n·MeCN (1·MeCN) has been prepared and magnetostructurally characterised. Compound 1 is the first example of the [ReIVCl6]2- anion acting as a metalloligand towards a paramagnetic metal ion. 
The coordination chemistry of the hexachlororhenate(IV) anion [ReCl6]2-, and the magnetic properties of the compounds it forms, has been investigated for more than 60 years.1 Significant magnetic interactions between the paramagnetic and highly anisotropic Re(IV) centres (5d3 ion) in hexachlororhenate(IV) salts of univalent, diamagnetic cations2,3 are transmitted through Re–Cl···Cl–Re intermolecular contacts,2-4 or in some instances via Re–Cl···(H2O)···Cl–Re type pathways.5 The use of paramagnetic countercations has also provided new insights into the magnetic properties of this family of materials,6 with magnetostructural studies on hexachlororhenate(IV) salts of organic radicals,6b ferrocenium6a and ruthenium(III)6c cations revealing the occurrence of fascinating magnetic phenomena, such as spin canting.6c 
Replacement of two Cl- ions from the [ReCl6]2- molecule by (potential) bridging ligands such as oxalate (ox2-),7 cyanide (CN-),8 2,2’-bipyrimidine (bpym)9 or malonate (mal2-),10 increases the coordination possibilites of this metalloligand towards both transition metal ions and lanthanides,11 making them excellent building blocks for the synthesis of molecule-based magnetic materials. These substitution reactions are generally performed in non-aqueous solvents, with the anionic metal fragment being isolated as a salt of a bulky organic cation. In this way, the preparation and study of the complexes [ReX4(ox)]2- (X = Cl and Br) and [ReCl4(CN)2]2- provided the first examples of Re(IV)-based Single-Molecule7 and –Chain8 Magnets (SMMs and SCMs), respectively.   
Nevertheless, the use of the [ReCl6]2- anion as metalloligand towards dia- or paramagnetic transition metal ions has been scarcely explored. Indeed, the number of reported crystal structures with the [ReCl6]2- anion acting as a ligand is limited to just one,3 the compound {Ag2ReCl6}n, in which the [ReCl6]2- unit adopts the hexakis-monodentate coordination mode towards the diamagnetic silver(I) cations, leading to a corrugated layered structure which behaves as a three-dimensional antiferromagnet.3 


Fig. 1 Perspective view of the one-dimensional structure of the heterobimetallic {Cu(pyim)(Him)2ReCl6}n chain in 1. H atoms and MeCN solvent molecules have been omitted for clarity. Colour code: pink, Re; pale blue, Cu; green, Cl; dark blue, N; black, C.

Herein we report the synthesis and magnetostructural characterisation of a new chloro-bridged Re(IV)-Cu(II) heterobimetallic 1D chain of formula {Cu(pyim)(Him)2ReCl6}n·MeCN (1·MeCN) [pyim = 2-(2’-pyridyl)imidazole and Him = imidazole]. 1 is the first example of a compound in which the [ReCl6]2- anion acts as a metalloligand towards a paramagnetic metal ion (Fig. 1). 
The reaction of (NBu4)2[ReCl6] and Cu(NO3)2·6H2O, in the presence of pyim and Him ligands, in a MeCN solution results in the formation of pale blue crystals after slow diffusion of isopropanol into the mother liquor (see the ESI for full details). Compound 1 is stable in air for a period of several months and does not oxidise under ambient conditions; 1 is soluble in common organic solvents such as acetone, acetonitrile or N,N'-dimethylformamide at room temperature.
Compound 1 crystallises in the triclinic space group Pī, its structure describing alternating [ReCl6]2− anions and [Cu(pyim)(Him)2]2+ cations interlinked by single chloro-bridges to afford a neutral bimetallic zigzag chain, which grows along the b axis (Fig. 1). MeCN solvent molecules of crystallisation are also present, lying in the voids between the chains with close contacts (~3.3-3.8 Å) to the C atoms of the pyim ligand and the Cl- ions of the [ReCl6]2− fragment. Each Re(IV) ion in 1 is six-coordinate and bonded to six chlorides in a regular octahedral geometry. No significant differences are seen in the Re–Cl bond lengths, the average value being 2.357(1) Å.3-6

Fig. 2 View of a fragment of the crystal packing of 1 highlighting the supramolecular two-dimensional network of adjacent chains linked through H-bonding interactions (dashed red lines). H atoms and MeCN solvent molecules have been omitted for clarity. Colour code: pink, Re; pale blue, Cu; green, Cl; dark blue, N; black, C.
The environment at the Cu(II) ion in 1 can best be described as an axially elongated octahedron, two N atoms from one bidentate pyim ligand [N(1) and N(2)] and two from two Him molecules [N(4) and N(6)] forming the equatorial plane, with two Cl atoms [Cl(1) and Cl(3)] occupying the axial positions. The equatorial Cu-N bond lengths involving the Him are somewhat shorter than those of the pyim ligand [average values of ca. 2.02 Å for Cu(1)-N(1) and Cu(1)-N(2) and ca. 1.98 Å for Cu(1)-N(4) and Cu(1)-N(6)]. The axial Cu-Cl distances are 2.973(1) Å [Cl(1)] and 3.074(1) Å [Cl(3)], below the sum of their van der Waals radii (ca. 3.2 Å)12 and close to those found Cu(II) ions in similar geometries.13,14 The intra-chain Re···Cu distances through the bridging chloro atoms are 5.031(1) Å [across Cl(1)] and 4.878(1) Å [across Cl(3)], with values of the Re-Cl-Cu angle of 135.54(3)° and 131.11(3)°, respectively.
In the crystal, adjacent chains are interlinked through hydrogen bonds involving the chloro atoms and -NH group from both the pyim (Cl···N ~ 3.27 Å) and one of the two Him molecules (Cl···N ~ 3.24 Å) resulting in a corrugated layered structure (Fig. 2). In addition, Cl···Cl contacts between different chains are observed, the shortest chloro···chloro distance being 3.656(1) Å. Interestingly, ··· parallel-displaced stacking interactions among imidazole and pyridyl rings of neighbouring pyim molecules (intercentroids distance of ca. 3.65 Å) together with ···Cl type contacts (the shortest ···Cl distance being approximately 3.59 Å) also contribute to stabilizing the crystal structure in 1. A three-dimensional supramolecular framework is achieved in 1 via interlayer assembly mediated through hydrogen bonds between the -NH group from the second Him bonded to each Cu(II) ion and Cl- ions from adjacent sheets (Cl···N ca. 3.31 Å) (Figure S1). 
Dc magnetic susceptibility measurements were carried out on a powdered microcrystalline sample of 1 in the 300–2 K temperature range, in an external magnetic field of 0.1 T.¶ The MT versus T plot (M being the molar magnetic susceptibility per Cu(II)Re(IV) pair) is given in Fig. 3. At room temperature the MT value of 2.04 cm3 mol-1 K is as expected for one uncoupled pair of Re(IV) (S = 3/2) and Cu(II) (S = 1/2) centres. Upon cooling, MT decreases gradually with decreasing temperature, more abruptly at approximately 50 K, reaching a minimum value of 0.23 cm3 mol-1 K at 2 K. This behaviour is a result of the large zero-field splitting (zfs) of the Re(IV) ions together with significant antiferromagnetic interactions between the Cu(II) and Re(IV) ions. The M versus T plot exhibits a maximum at 5.0 K under small dc fields which disappears as H increase (see inset of Fig. 3). These features indicate the occurrence of a field-induced antiferro-to-ferromagnetic ordering transition for 1 at TN = 5.0 K, typical of metamagnetic behaviour; the weak inter-chain antiferromagnetic coupling being overcome by the applied dc field.
The experimental magnetic susceptibility data of 1 can be analysed by following an approach previously used on other heterometallic Cu(II)Re(IV) chains.4,14,15 It considers the spin Hamiltonian of eqn (1), and its derived analytical expression (Eqn S1, ESI) for a uniform chain model of SCu = 1/2 and SRe = Seff = 1/2, with an effective magnetic coupling parameter (Jeff) and local gRe and gCu Landé factors, and takes into account the zfs of the 4A2g term of the Re(IV) ion through local DRe magnetic anisotropy.
A least-squares fit of the experimental data in the 4-300 K temperature range with gCu = 2.10 and gRe = 1.80 fixed to avoid overparameterisation,4,5,11,14,15 afforded the parameters Jeff =  6.8 cm-1 and DRe = 22.0 cm-1 with R = 1.0 x 10-5 {R being the agreement factor defined as i[(MT)iobs  (MT)icalc]2 / [(MT)iobs]2}. As observed in Figure 3, the theoretical curve for 1 (red solid line) matches the experimental magnetic data well in the studied temperature range. The calculated value of DRe is in agreement with those previously reported for similar one-dimensional Cu(II)Re(IV) systems.4,14,15 The J value can be derived from the effective Jeff by a factor of 3/5,14 affording J = 3Jeff/5 = 4.1 cm−1. The magnitude and sign of the obtained J value indicates the presence of weak antiferromagnetic exchange between the Re(IV) and Cu(II) ions through the bent chloro bridges, as expected from the small overlap between the 3d(x2-y2)-type magnetic orbital of the copper and the 5d(yz) magnetic orbital of the rhenium (Fig. S2, ESI). 
Variable-field dc magnetisation data were collected for 1 at T = 2.0 K and in the H = 0–7 T field range.¶ The M versus H plot (M being the magnetisation per Cu(II)Re(IV) unit and H the applied magnetic field) is shown in Figure S3. The most noteworthy feature is the sigmoidal shape of the magnetisation curve, M values increasing first linearly with applied field until an inflexion point is reached at a critical field Hc ~ 3 T (see dM/dH vs. H plot in Figure S4), whereafter M increases faster. These features support the occurrence of metamagnetic behaviour. Variable-field dc magnetisation data collected in the -7 and 7 T range reveal the complete reversibility of the magnetisation and a small but non-negligible hysteresis above the inflexion point, which indicates the occurrence of a field-induced transition from an antiferromagnetic to a ferromagnetic ordered phase (Figure 4).

Fig. 3 Plot of MT vs. T obtained from compound 1. The solid red line represents the best-fit of the experimental data (o). The inset shows the temperature and field dependence of the magnetic susceptibility in the T = 2-10 K range and at the indicated fields.

Fig. 4 Variable-field magnetisation data for 1 at T = 2.0 K. 
In summary, the synthesis, structure and magnetic properties of a new chloro-bridged Cu(II)Re(IV) heterobimetallic chain of formula {Cu(pyim)(Him)2ReCl6}n·MeCN (1·MeCN) are reported. Compound 1 exhibits metamagnetic behaviour with a field-induced antiferro-to-ferromagnetic phase transition due to non-negligible inter-chain interactions. 1 is the first example of the [ReCl6]2- anion being employed as a metalloligand towards paramagnetic metal ions. This results suggests a new and very straightforward synthetic route to the preparation of other anisotropic molecules, chains, sheets and frameworks exhibiting slow magnetic relaxation. 
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